ABSTRACT Spectral reconstruction method based on narrow-band measurements has been demonstrated to achieve ultrafast spectroscopic imaging with high spatial and spectral resolution, in which multiple narrow-band images are collected by using several specific filters. Although commercially available filters can be employed in such method, filters with complex transmittance that are difficult to be fabricated typically show significant improvement in spectral reconstruction accuracy. In this study, a two dimensional programmable optical filter based on digital micromirror device (DMD) is proposed, in which its transmittance spectrum can be arbitrarily and quickly switched to realize complex transmittance. Furthermore, its flexible transmittance enables directly hardware-based spectral data post-processing, which can perform data acquisition and analysis simultaneously. Those have been evaluated by the diffuse reflectance spectra from normal and occluded skin flaps, as well as Raman spectra from live, apoptosis and necrosis leukemia cells. Our simulation results show that much higher spectral reconstruction accuracies can be achieved by the optimized filters with complex transmittance. Furthermore, the classification accuracy by using the proposed method is comparable to those achieved by conventional numerical methods. Therefore, based on the proposed programmable optical filter, fast spectroscopic imaging with high spatial and spectral resolution can be achieved for observing fast changing phenomena and even real-time target identification.
I. INTRODUCTION
Spectral imaging technique combines spectroscopy with conventional imaging, in which both spatial and spectral information can be collected simultaneously to form a three-dimensional spectral data cube [1] . By processing spectral data at each pixel, rich information about target sample can be extracted, thus the spectral imaging technique can
The associate editor coordinating the review of this manuscript and approving it for publication was Valentina E. Balas. be used in many areas, such as remote sensing [2] , mineralogy [3] , biomedicine [4] , and astronomy [5] . According to different imaging modes, spectral imaging technology can be mainly cataloged into scanning based spectroscopic imaging [6] and snapshot spectroscopic imaging [7] . Scanning based spectroscopic imaging technologies only collect one-dimensional or two-dimensional subset of the complete three-dimensional spectral data cube for each scan, such as point-scanning [8] , line-scanning [9] and staring [10] , [11] . Therefore, it typically requires a large amount of scans to obtain a complete spectral data cube, leading to slow data acquisition, especially when the required spatial and spectral resolution are high, which restricts its practical usage [12] . In contrast, snapshot spectroscopic imaging technologies typically capture both spatial and spectral information simultaneously in a snap shot [13] , [7] . For example, the coded aperture snapshot spectral imaging(CASSI) [14] , [15] utilizes a binary coded mask generated by DMD together with one or more dispersers to compress the three-dimensional hyperspectral data cube into a two-dimensional multiplexed projection, and the three-dimensional hyperspectral data cube can subsequently be demultiplexed numerically during postprocessing. Thus, scanning is always avoided for such methods and the time efficiency of spectral image acquisition is significantly improved. However, most snapshot spectral imaging technologies require a large detector array to sample sufficient number of voxels and/or time-consuming postprocessing procedure is necessary to recover the 3D spectral data cube [12] .
Spectral reconstruction method based on narrow-band measurements is a potential solution for fast spectroscopic imaging with high spatial and spectral resolution [16] - [18] . This method compresses three-dimensional spectral image data into several narrow-band images through several specific filters in front of the CCD, and then reconstructs the spectrum at each pixel by using spectral reconstruction algorithms, as shown in Fig. 1 . Since narrow-band measurements are used instead of the measurements at each wavelength, the signalto-noise ratio can be significantly improved because of the intensity integration along the wavelength dimension [19] . Thus, lower requirements on the detector and high computational efficiency of the spectral reconstruction algorithms promote its ability to achieve fast spectroscopic imaging with high spatial and spectral resolution. In such method, the spectral compression efficiency of the filter sets and the spectral reconstruction efficiency of the spectral reconstruction algorithms are the two key factors that will affect the final accuracy of spectral measurements. According to our previous studies [16] , [17] , filter sets with optimal compression efficiency, such as non-negative principal components (PCs) based filters, are typically with complex transmittance, thus are not commercially available and even difficult to be produced by tunable filters. Although some studies have demonstrated that arbitrary transmittance can be achieved by a digital micromirror device (DMD) based setup, it only works for single point measurement [20] , [21] .
In this paper, a 2D programmable optical filter was designed and theoretically investigated to realize arbitrary transmittance by quickly switching the micromirrors on the digital micromirror device. The 2D programmable optical filter and its robustness were numerically assessed by using different configurations of incident light beam. The transmittance spectra of filter set for fast spectroscopic imaging was optimized by genetic algorithm and showed higher spectral reconstruction accuracy than commercially available filters, in which those complex transmittance spectra can only be achieved by programmable optical filters. Furthermore, programmable optical filter with specific transmittance was explored to perform hardware-based spectral data post-processing, in which narrow-band measurements were directly treated as the final coefficients for target identification instead of numerical post-processing followed by spectral data acquisition. By using such method, not only the spectral data acquisition and analysis can be further sped up, but also the difficulties in huge spectral data transmission and storage can be overcome. The programmable optical filter based spectral data post-processing was test on diffuse reflectance spectra from skin flaps and Raman spectra from leukemia cells. Excellent classification accuracies were achieved, which are comparable to those of conventional numerical methods.
Therefore, our contributions in this preliminary study can be summarized as: 1) a two-dimensional programmable optical filter with arbitrary transmittance is proposed, and its robustness with non-ideal incidence beams is theoretically investigated; 2) the spectral reconstruction accuracies for spectral reconstruction based spectroscopic imaging technique can be significantly improved by the complex transmittance of the proposed programmable optical filter; 3) hardware-based spectral data post-processing is theoretically investigated to substitute for the conventional numerical methods, thus the spectral data acquisition and VOLUME 7, 2019 analysis can be performed simultaneously and sped up significantly.
II. MATERIALS AND METHODS

A. PROGRAMMABLE OPTICAL FILTER DESIGN
The schematic of the 2D programmable optical filter is shown in Fig. 2 (a) , which consists of two gratings, a lens and a digital micromirror device (DMD). The gratings and DMD are placed at the focal plane on different sides of the lens, respectively. The collimated incident light beam first passes through diffraction grating 1 and disperses different wavelengths into different angles. Light with the same wavelengths from different positions on grating 1 are parallel and then are focused on the same micromirrors on DMD after passing through lens. After reflection by the selected micromirrors, light beam with specific wavelengths are emitted from grating 2 because of the reversibility of optical path. The DMD is used as a multi-spectral selector to select wavelengths of interest by setting the corresponding micromirrors to ''on'' orientation and to reject light with undesired wavelengths by setting the corresponding micromirrors to ''off'' orientation, as shown in Fig. 2 (b) . Although DMD can only achieve binary transmittance at each time, arbitrary transmittance can theoretically be realized by modulating the micromirrors on the DMD while performing continuous exposure on CCD. The effective wavelength range and spectral resolution of the programmable optical filter are jointly determined by the groove density of grating, the focal length of lens, the effective area of DMD and the number of micromirrors within the effective area.
As shown in Fig. 3 , the angles of light reflected from DMD should alter 24 • , due to +12 • rotation of micromirrors during the wavelength selection. However, after the reflected light passing through lens, the angles of light at each wavelength when micromirrors rotate +12 • (path 2 in Fig. 3 ) become exactly the same to those when micromirrors are inactive with 0 • flat (path 1 in Fig. 3 ). The reason is that the light from the same position on the focal plane should form a collimated beam after passing through the lens and the direction of such collimated beam is only determined by the position on the focal plane that the light comes from. Although light with selected wavelengths is indeed directed to different positions on grating 2 due to +12 • rotation of micromirrors, only the position of beam is shifted and the beam size is shrunk or enlarged. Since those changes are non-essential for evaluating the proposed programable optical filter, the micromirror was simplified to 'on' and 'off' state without rotation in the numerical simulation, in which 'on' state micromirror reflects light while 'off' state micromirror does not.
In this study, two sets of configurations for each optical component were used to numerically simulate two sets of filters with spectral range of 470nm to 700nm for diffuse reflectance measurements and spectral range of 830nm to 910nm for Raman measurements, respectively. In both simulations, DMD with 912×1140 micromirrors (DLP4500, Texas Instruments) was used, in which the size of each micromirror is 7.6µm×7.6µm and the diagonal length is 10.8µm. Each micromirror can be controlled to rotate ±12 • from inactive position at a binary pattern rate of 4.2KHz. Thus, such high modulation rate can promote fast switching of the transmittance of the proposed programmable optical filter. In this study, the smallest step size of the transmittance was set to 0.1%, hence at least four different filters can be theoretically carried out in 1 second. In order to match the spectral range to the size of effective area on DMD, the focal length of the lens and the groove density of gratings were optimized. For diffuse reflectance measurements, the focal length was optimized to 35mm and the groove density was set to 800 lines/mm. For Raman measurements, the focal length was optimized to 50mm and the groove density was set to 800 lines/mm.
In the current setup as described above, the proposed programmable optical filter is designed particularly for the collimated light with perpendicular incidence, which may not be the case in all practical applications, e.g. microscope setups. In order to verify the robustness of the proposed programmable optical filter, two different forms of incident light, i.e. collimated beam with non-perpendicular incidence and uncollimated beam, were used to obtain the band-pass transmittance, respectively. Their central wavelengths and bandwidths were analyzed and compared to those reference results by using collimated light with perpendicular incidence.
B. PROGRAMMABLE OPTICAL FILTER BASED FAST SPECTROSCOPIC IMAGING
For fast spectroscopic imaging, spectral reconstruction method based on narrow-band measurements were used [16] - [18] , and the schematic of this method is shown in Fig. 4 . This method first employs several specific filters to compresses three-dimensional spectral image data cube into several narrow-band images and then reconstructs the spectrum at each pixel by using spectral reconstruction algorithms. The narrow-band measurements are collected by the CCD after the light passing through specific filters. Those specific filters can be replaced by the proposed programmable optical filter, which is expected to achieve a better spectral compression efficiency and consequent better spectral reconstruction accuracy. Since the filter can be fully characterized by its transmission, the narrow-band measurements N can be numerically synthesized as the inner product of the spectra S and the filters' transmittance F, as in Eq. (1) .
Since such spectral reconstruction method is a supervised learning method in nature, calibration data set is always necessary to build the mathematical model to link the narrow-band measurements and the corresponding spectra in the calibration stage. Wiener estimation is one of the most frequently used spectral reconstruction methods because of its time efficiency. Wiener matrix, i.e. the mathematical model to link the narrow-band measurements and the spectra, was extracted from the narrow-band measurements N and spectrum S in the calibration data set according to Eq. (2), in which E() represents the ensemble average. The Wiener VOLUME 7, 2019 matrix was subsequently applied on the narrow-band measurements in the test data set to obtain the reconstructed spectrum at each pixel, in which the final reconstructed spectrum is calculated by the multiplication between narrow-band measurements and Wiener matrix.
In this study, the spectral reconstruction accuracies by using commercially available filters, non-negative PCs based filters and filters optimized by genetic algorithm were analyzed and compared. For the commercially available filters, the transmittance spectra of 3CCD (AT-200 GE, JAI, Japan) were used for diffuse reflectance measurements [22] , whereas the transmittance spectra of 6 filters optimized from 37 commercially available filters from five companies were used for Raman measurements. . More details about those 37 commercially available filters can be found in reference [16] . The transmittance spectra of non-negative PCs based filters were derived from the principal component analysis (PCA) of spectra measured from representative target samples, thus the resulting narrow-band measurements can benefit from the optimal compression properties of the PCA scheme [23] , [24] . In order to achieve a better spectral compression efficiency and spectral reconstruction accuracy, the filters were further optimized by genetic algorithm. The initial population of filters were generated based on the non-negative PCs based filters and their variants, and then evolve with crossover rate of 90% and mutation rate of 10%. Leave-one-out method was used for cross validation in an unbiased manner, and the mean relative root mean square error (RMSE) [25] between the reconstructed spectra and the reference spectra was treated as the criterion to judge the spectral reconstruction accuracy. More specifically for Raman measurements, the fluorescence background was removed by using a fifth-order polynomial fitting [26] for both reconstructed Raman spectra and reference Raman spectra before the calculation of mean relative RMSE. Besides collimated light with perpendicular incidence configuration, distorted transmittance spectra generated by collimated beams with non-perpendicular incidence and uncollimated beam were employed as well to investigate their impact on spectral reconstruction accuracy.
C. PROGRAMMABLE OPTICAL FILTER BASED SPECTRAL DATA POST-PROCESSING
The schematic of the programmable optical filter based spectral data post-processing is shown in Fig. 5 . By coding the spectral information with specific transmittance of programmable optical filter, named as coding transmittance, only the critical spectral information about decision making in the classification can be specifically collected, which is similar to the identification of target object with certain color through glasses with exact the same color. This approach integrates the spectral data post-processing into spectral data collection, in which the spectral data acquisition and analysis can be sped up significantly. Since only a few narrow-band images is needed to be collected instead of the huge spectral data cube, the requirements on spectral data transmission and storage can be much lower. The transmittance of the programmable optical filter was derived based on the combination of PCA and linear discriminant analysis (LDA) methods. In this way, the narrow-band measurements by using such transmittance can be equivalent to the linear discriminate scores of the conventional PCA-LDA method, in which those linear discriminate scores [27] are typically used for decision making in the classification. Thus, those narrow-band measurements are expected to collect critical spectral information and can be directly used for decision making in the classification. The detailed procedure of the coding transmittance generation is as follows:
Step 1: The principal eigenvector U 1 and principal eigenvalue s were derived based on PCA method. Firstly, the covariance D of the target hyperspectral data H is calculated according to Eq. (3).
where H is the normalized matrix of the target hyperspectral data H , and the superscript 'T ' represents matrix transpose. Thereafter, eigenvectors of the covariance matrix D are arranged from large to small according to corresponding eigenvalues, and the principal eigenvector U 1 consisted of the first k-th constituent eigenvectors. The principal eigenvalues s, i.e. the result after hyperspectral data dimension reduction, can be calculated according to Eq. (4).
Step 2: The transformation vector U 2 is obtained based on LDA algorithm. Firstly, the within-class scatter matrix M σ is calculated according to Eq. (5).
where s ij refers to the j-th element of the i-th category's principal eigenvalues, and u i refers to the average of the ith category's principal eigenvalues. Then, the between-class scatter matrix M τ is calculated according to Eq. (6) .
where u is average of all categories' principal eigenvalues. Finally, find the largest eigenvalue in the matrix of M σ M τ ,
FIGURE 5.
Comparison between the traditional procedure of spectral data collection and post-processing and programable optical filter based spectral data collection and post-processing: The function of coding transmittance is to employed to specifically collect the critical spectral information about classification decision making, which is similar to the identification of target object with certain color through glasses with the exact same color.
in which the eigenvector corresponding to this largest eigenvalue is treated as the transformation vector U 2 .
Step 3: The coding transmittance T is generated based on the principal eigenvector U 1 and transformation vector U 2 . It should be noted that the number of coding transmittance spectra in T should be the identical to the number of categories to be differentiated subtracted by 1.
Since the proposed programmable optical filter can only achieve non-negative transmittance, the compensation transmittance T 1 is typically necessary to generate a non-negative imaging transmittance T 2 by raising all transmittance at each wavelength.
where T 1 is the absolute value of the minimum value in T . Thus, the final narrow-band images for classification are the subtraction between imaging narrow-band images and compensation narrow-band images, in which the imaging narrowband images and compensation narrow-band images are the narrow-band images collected via imaging transmittance and compensation transmittance respectively. The synthesized narrow-band measurements based on the above coding transmittance are directly used to evaluate the hardware-based spectral data post-processing capability by the final classification accuracy. Besides collimated light with perpendicular incidence configuration, distorted transmittance spectra generated by collimated beams with non-perpendicular incidence and uncollimated beam were employed as well to theoretically investigate their impact on final classification accuracy.
D. SAMPLE PREPARATIONS AND SPECTRAL MEASUREMENTS
To demonstrate the spectral compression efficiency in spectral reconstruction based spectroscopic imaging and the spectral data post-processing capability of the proposed programmable optical filter, diffuse reflectance spectra from skin flaps and Raman spectra from leukemia cells were used for numerical simulation. The diffuse reflectance spectra were measured from normal and occluded skin flaps with a wavelength range of 470nm to 700nm, as shown in Fig. 6 (a) . The number of spectral measurements from occluded group was 83 and the number of spectral measurements from control group was 19, in which the spectral measurements were taken at 15 minutes after flap surgery. The details of experiment preparation and spectral measurements can be found in reference [28] . Raman spectra were measured from human chronic myelogenous leukemia cells (K562 cell line) with a range of 600 cm −1 to 1800 cm −1 , as shown in Fig. 6 (b) . The excitation wavelength was 785nm and the exposure time was 10s accumulated 6 times. The cells were treated with different drugs to induce apoptosis and necrosis. Ten Raman VOLUME 7, 2019 FIGURE 6. Two sets of spectra are used to demonstrate the programmable optical filter based spectral data post-processing: (a) diffuse reflectance spectra from normal and occluded skin flaps and (b) Raman spectra from live, apoptosis and necrosis leukemia cells. spectra were collected from apoptosis, necrosis and live cells respectively, thus a total number of 30 Raman measurements were acquired. The details of experiment preparation and spectral measurements have been described elsewhere [29] . In this study, the narrow-band measurements were numerically synthesized as the inner product of the measured spectra and the transmittance spectra of the programable optical filter.
All the above simulations were implemented in MATLAB (R2016a, MathWork) on a computer with Intel Core i5-7200U 2.5GHz CPU, 8GB RAM, and Windows 10 operating system.
III. RESULTS AND DISCUSSIONS
A. THE PERFORMANCE AND ROBUSTNESS OF PROGRAMMABLE OPTICAL FILTER
In order to evaluate the performance and robustness of programmable optical filter, the focal length of lens and groove density of gratings were optimized with a collimated light with perpendicular incident, to match the spectral range to the size of effective area on DMD. For diffuse reflectance measurements, the focal length was optimized to 35mm and the groove density was set to 800 lines/mm, in which dispersed wavelengths from 470nm to 700nm were occupied to 876 micromirrors on the DMD and the theoretical spectral resolution is 0.4nm. For Raman measurements, the focal length was optimized to 50mm and the groove density was set to 800 lines/mm, in which dispersed wavelengths from 830nm to 910nm were assigned to 805 micromirrors on the DMD and the theoretical resolution is 0.2nm. Those optimized results of collimated light with perpendicular incident were served as reference and compared with the result of three different forms of incident light, i.e. collimated beams with non-perpendicular incidence, convergent beam and divergent beam. Table 1 shows the comparison between the central wavelengths of collimated beam with non-perpendicular incidence and the reference central wavelengths for diffuse reflectance configuration. For different reference central wavelengths, there are different central wavelength shifts when inducing different incident angles, i.e. the wavelength shifts are approximately 10nm, 20nm and 40nm for incident angles of ±0.5 • , ±1 • and ±2 • , respectively. Thus, with the increasement of incident angle, the central wavelengths shift further away from the reference central wavelengths. The wavelengths become larger when the incident angles are positive, whereas the wavelengths become smaller when the incident angles are negative, in which the positive and negative incident angle refer to different sides of the optical axis. Moreover, due to the limited effective area of DMD, an excessively large incident angle will cause significant mismatch between the spectral range and the size of effective area on DMD, and the actual central wavelength is beyond the expected spectral range. However, only slight changes on bandwidth are observed as shown in Table 2 . According to Table 2 , the variations of bandwidths are similar for different reference bandwidths as well as for different central wavelengths, when the incident angle is fixed.
Similar findings can also be observed with Raman configurations, as shown in Tables 3 and 4 . Although smaller spectral range is used for the Raman configurations, the shifts of central wavelength are similar to that of diffuse reflectance configuration, i.e. the wavelength shifts are approximately 10nm, 20nm and 40nm for incident angles of ±0.5 • , ±1 • and ±2 • respectively. However, in contrast to diffuse reflectance configurations, there's almost no bandwidth change for Raman configurations when the incident angle of the collimated Tables 1 and 2 with the results of Raman  configuration in Tables 3 and 4 , it can be observed that the fluctuations are slightly larger for diffuse reflectance configuration among each row in Tables 1 and 2 . This is attributed to the fact that the micromirrors are assumed to be discretely distributed on the DMD in the numerical simulation. Since the size and the number of micromirrors have already been fixed for both the simulations of diffuse reflectance configuration and Raman configuration, the wider wavelength range for diffuse reflectance configuration will definitely lead to a larger step size of wavelength during the simulation, and will further cause slightly larger fluctuations among the results of diffuse reflectance configuration in Tables 1 and 2 .
2) UNCOLLIMATED BEAM
Both convergent and divergent beams can be treated as the uncollimated beam in the numerical simulation. The reason is that maximum incident angles on both sides of optical axis are exactly the same when the divergence and convergence angles are the same. Thus, the convergent beam consists of boundary A and B should be equivalent to divergent beam consisted of boundary B and C after translating the convergent beam boundary A with a certain distance along the grating, as shown in Fig. 7 . Since only the central wavelength and bandwidth are considered for evaluating the performance of the proposed programmable optical filter, the final simulated results for both convergent and divergent beams should be identical if divergence and convergence angles are the same. This has also been verified by our numerical simulation. Table 5 shows the comparison between the central wavelengths of uncollimated light and the reference central wavelengths for diffuse reflectance configuration. It can be observed that central wavelengths remain unchanged with different convergence/divergence angles. However, compared with reference bandwidths, the bandwidth become much larger when inducing uncollimated beam, as shown in Table 6 . The reason is that the uncollimated light, which can be treated as the light with continuously different incident angles, will lead to an illumination with a broader spectral range on each micromirrors on the DMD. In addition, with the increasement of convergence/divergence angle, the bandwidths become broader, whereas only slight bandwidth changes can be found among different central wavelengths. When inducing uncollimated beam with 1 • convergence/divergence angle, the bandwidths for diffuse reflectance configurations are approximately 23nm, 27nm and 32nm instead of reference bandwidths of 1nm, 5nm and 10nm, respectively. Similar findings can also be observed with Raman configurations, as shown in Tables 7 and 8 . Although the spectral range for the Raman configurations is only around 1/3 of that for diffuse reflectance configuration, the bandwidths for Raman configuration are only slightly smaller than that for diffuse reflectance configuration, i.e. the bandwidths are approximately 22.8nm, 26.8nm and 31.8nm in most cases for reference bandwidths of 1nm, 5nm and 10nm respectively. However, there is sharp decrease of bandwidths with the central wavelengths of 840nm and 900nm compared to other central wavelengths, and decrement is larger as the divergence/convergence angle increases. This is because that only wavelengths within spectral range of 830nm to 910nm are considered in the numerical simulation, thus some resulting wavelengths are beyond the spectral range when the central wavelength is close to the boundary of spectral range.
Based on the above numerical simulations and analysis, it can be concluded that the changes of incident angle are more likely to cause severe changes on central wavelengths, whereas uncollimated beam are more likely to induce severe changes on bandwidths. Thus, both incident angle and beam collimation need to be calibrated beforehand. The calibration can be easily performed by measuring the spectrum with a spectrometer after a broadband light beam passing through the programmable optical filter when certain micromirror is with 'on' state, and then the programmable optical filter can be quantitively calibrated based on the above simulated reference results. Table 9 shows the comparison of the spectral reconstruction accuracies for diffuse reflectance and Raman measurements by using different types of filters. It is assumed that the non-negative PCs based filters and filters optimized by genetic algorithm are fabricated by the proposed programmable optical filter due to their complex transmittance, thus configurations of collimated beam with non-perpendicular incidence and uncollimated beam are employed as well to investigate their impact on spectral reconstruction accuracy. For diffuse reflectance measurements, the mean relative RMSEs are 2.0801×10 −2 , 2.0601×10 −2 and 2.0589×10 −2 when using commercial filters, non-negative PCs based filters and filters optimized by genetic algorithm, respectively. There's only slight improvement when using filters optimized by genetic algorithm, Comparison of the spectral reconstruction accuracies for diffuse reflectance and Raman measurements by using different types of filters.
B. SPECTRAL RECONSTRUCTION BASED ON PROGRAMMABLE OPTICAL FILTER
FIGURE 8.
Transmittance spectra of (a) commercial filters, (b) non-negative PCs based filters, (c) filters optimized by genetic algorithm for diffuse reflectance measurements and (d) typical reconstructed diffuse reflectance spectrum by using filters optimized by genetic algorithm; Transmittance spectra of (e) commercial filters, (f) non-negative PCs based filters, (g) filters optimized by genetic algorithm for Raman measurements and (h) typical reconstructed Raman spectrum by using filters optimized by genetic algorithm.
whereas the transmittance spectra of these optimized filters are much more complex compared with commercial filters and non-negative PCs based filters, as shown in Fig. 8 (a) to (c) . The reason is that the spectral shape of diffuse reflectance spectra for the skin flap is uncomplicated and it only carries a small amount of spectral information, thus simple transmittance is sufficient to compress the important spectral information, which is also verified by the transmittance spectra of the corresponding non-negative PCs based filters. In Fig. 8 (d) , it has demonstrated the excellent agreement between the measured diffuse reflectance spectrum and the typical diffuse reflectance spectrum reconstructed by using filters optimized by genetic algorithm, in which the relative RMSE for the typical reconstructed diffuse reflectance spectrum is 2.0381×10 −2 and is closest to the mean relative RMSE. For Raman measurements, the mean relative RMSEs are 3.4912×10 −2 , 2.9335×10 −2 and 2.8502×10 −2 when using commercial filters, non-negative PCs based filters and filters optimized by genetic algorithm, respectively. Although the transmittance spectra of the filters optimized by genetic algorithm and non-negative PCs based filters are much more complex as shown in Fig. 8 (f) and (g), they show significant improvement of 19.6% and 16.0% compared to commercial filters, respectively. The reason is that the spectral shape of Raman spectra for the leukemia cells is very complicated due to those sharp Raman peaks and VOLUME 7, 2019 a large amount of spectral information within those complex Raman spectra, thus complicated transmittance is indeed necessary to fully compress the important spectral information, which can also be verified by the transmittance spectra of non-negative PCs based filters. In Fig. 8 (h) , it has demonstrated the excellent agreement between the measured Raman spectrum and the typical Raman spectrum reconstructed by the filters optimized by genetic algorithm, in which the relative RMSE for the typical reconstructed Raman spectrum is 2.7841×10 −2 and is closest to the mean relative RMSE. For both diffuse reflectance and Raman measurements, the distorted transmittance by uncollimated beam always show much less degradation on spectral reconstruction accuracies than distorted transmittance by collimated light with nonperpendicular incidence. This could be attributed to the fact that the distorted transmittance by uncollimated beam can still collect most of the important spectral information although the larger bandwidth leads to the collection of some useless spectral information, whereas the distorted transmittance by collimated beam with non-perpendicular incidence loses the most important spectral information due to the central wavelength shifts. In addition, it should be noted that those filters optimized by genetic algorithm might not perform the overall optimized spectral reconstruction because genetic algorithm can only find the locally optimal solution. Furthermore, the initial population are generated based on the non-negative PCs based filters and their variants, and the compression efficiency is already optimal by such PCA scheme, thus there's only slight improvement by using the genetic algorithm. It is expected that much higher spectral reconstruction accuracy can be achieved if a fully random initial population are used, however much larger population size is indeed necessary since the extremely large amount of possibilities of different transmittance. According to the above results, the complexity of transmittance is increased with the complexity of the spectral shape and the amount of spectral information within the spectra, thus the proposed programmable optical filter would be very useful for the fast spectroscopic imaging with complicated spectral shape, such as Raman imaging.
At present, scanning based techniques, such as pointscanning, line-scanning and staring, are the most frequently used method in the commercial hyperspectral imaging systems, which only collect one-dimensional or two-dimensional subset of the complete three-dimensional hyperspectral data cube during each scan. A large amount of scans are required to collect the spectral and spatial information for the entire region of interest and the entire spectral range, thus the acquisition of hyperspectral images is very time-consuming, especially when a high spatial and spectral resolution is required. Although snapshot spectroscopic imaging technologies typically capture both spatial and spectral information simultaneously in a snap shot, most snapshot spectral imaging technologies require a large detectors array to sample sufficient number of voxels and/or time-consuming post-processing. Our spectral reconstruction based method only requires to take a few narrow-band Raman images by fast switching the transmittance of the proposed programmable optical filter in front of the CCD, and the full spectrum at each pixel can be rapidly reconstructed by using spectral reconstruction algorithms. Since those spectral reconstruction algorithms are typically supervised learning method in nature, thus high computational efficiency can easily be achieved once the mathematic model has been trained. To evaluate the time efficiency, the spectral reconstruction algorithm used in this study is test on 90,000 cell's Raman spectra, corresponding to a spectral data cube with 300 pixels × 300 pixels × 907 wavenumbers. The spectral reconstruction algorithm was coded and tested in a computer with Intel Core i5-7200U 2.5GHz CPU, 8GB RAM, and Windows 10 operating system. The average computation time is around 0.28s, thus only slight contribution on the final time cost is expected because of its high computational efficiency. In addition, the DMD can reach a high binary pattern rate up to several thousand hertz and is consequently expected to achieve a fast switching rate of the transmittance. Thus, in a sample limited case [30] , it is expected that the proposed spectral reconstruction based method when taking 6 narrow-band Raman images with programable optical filter is approximately 15,000 times, 50 times and 150 times faster than pointscanning, line-scanning and staring methods, respectively. What's more, only slight increment in acquisition time is necessary for the proposed spectral reconstruction based method, when higher spatial and spectral resolution is required. Thus, it is expected that the time efficiency improvement of the proposed spectral reconstruction method should be more significant if the required spatial and spectral resolution is much higher.
C. SPECTRAL DATA POST-PROCESSING BASED ON PROGRAMMABLE OPTICAL FILTER
For identifying occluded flaps and normal flaps from diffuse reflectance measurements, only single transmittance is necessary theoretically and the coding transmittance spectrum can be found in Fig. 9 (a) . For synthesizing the coding transmittance spectrum of the programmable optical filter, the first 25 non-negative PCs are obtained from 102 sets of diffuse reflectance spectral data by non-negative PCA methods and then are compressed to one dimension by LDA model. However, since patterns involved negative component cannot be obtained by the proposed programmable optical filter, this single transmittance can be realized by dividing it into two sets of transmittance, i.e. compensation transmittance and imaging transmittance, in which the subtraction between those two sets of transmittance is identical to the original single coding transmittance, as shown in Fig. 9 (b) . Two sets of narrow-band measurements are simulated by the inner product of diffuse reflectance measurements and those two transmittance spectra, respectively. The subtracted values of those two sets of narrow-band measurements are directly used for identifying occluded flaps and normal flaps, as shown in Fig. 9 (c) , and a classification accuracy of 98.04% is achieved, which is comparable to the result of conventional numerical methods in our previous study [22] . In addition, distorted transmittance spectra by both collimated beam with non-perpendicular incidence and uncollimated beam were used to investigate their impact on final classification accuracy. For distorted transmittance by uncollimated beam, the classification accuracy is 92.16%, which is close to that of conventional numerical method and reference transmittance by collimated beam with perpendicular incidence, as shown in Fig. 9 (g) to (i) . However, the classification accuracy for distorted transmittance by collimated beams with nonperpendicular incidence is only 56.86%, which is much lower than the above results, as shown in Fig. 9 (d) to (f) . The reason is that the distorted transmittance by uncollimated beam can still collect most of the important spectral information although the larger bandwidth leads to the collection of some useless spectral information, whereas the distorted transmittance by collimated beam with non-perpendicular incidence loses the most important spectral information due to the central wavelength shifts.
For identifying live, apoptosis and necrosis leukemia cells from Raman measurements, two transmittance spectra are necessary theoretically and the transmittance spectra can be found in Fig. 10 (a) , in which the first ten PCs from 30 sets of Raman measurements are used and then are compressed into two dimensions. Similarly, in order to avoid negative transmittance, three transmittance spectra are used to mimic those two coding transmittance spectra. Three sets of narrowband measurements are subsequently generated based on those three transmittance spectra and the subtracted values are directly used for identifying live, apoptosis and necrosis leukemia cells, as shown in Fig. 10 (b) and (c) . A classification accuracy of 93.3% is achieved, which is exactly the same to the result of conventional numerical methods in our previous study [16] . Similarly, the classification accuracy for distorted transmittance by uncollimated beam is 90% and is comparable to that of conventional numerical method and reference transmittance by collimated beam with perpendicular incidence, whereas the classification accuracy for distorted transmittance by collimated beams with nonperpendicular incidence is only 70% and is much lower than the above results, as shown in Fig. 10 (d) to (i) . Based on the above classification results of diffuse reflectance measurements and Raman measurements, it can be concluded that the classification accuracy of this programmable optical filter based spectral post-processing method is more susceptible to the collimation of incident beam other than perpendicularity. Thus, the calibration of the programmable optical filter is extremely necessary, especially for the perpendicularity of incident beam.
IV. CONCLUSSION
In this paper, a DMD-based 2D programmable optical filter was proposed and validated theoretically. Such programmable optical filter can achieve arbitrary transmittance, which is the key technique for fast spectroscopic imaging based on spectral reconstruction method and can significantly improve the spectral reconstruction accuracy when the spectral shape is complicated. Furthermore, its arbitrary transmittance enables hardware-based spectral data post-processing instead of the conventional numerical methods, thus the spectral data acquisition and analysis can be performed simultaneously and sped up significantly, especially when spectral imaging with large amounts of spectral data is necessary. Although ideal collimated beam with perpendicular incidence is difficult to be achieved in practical applications, only slight degradations on both spectral reconstruction accuracy and classification accuracy were found for uncollimated beam with perpendicular incidence and the perpendicularity of the incident beam should be not difficult to be calibrated. Therefore, the proposed 2D programmable optical filter should be feasible to be applied on fast spectroscopic imaging with high spatial and spectral resolution for observing fast changing phenomena and even real-time target identification from micro to macro scale. Director of electrical and computer engineering. He is also an Adjunct Professor with the College of Medicine and Biological Information Engineering, Northeastern University, China. He is the holder one Chinese patent and 12 U.S. patents. His research interests include wireless communications and networks, spread spectrum and CDMA, antenna arrays and beamforming, cognitive and software-defined radio, and digital signal processing for wireless systems.
